Introduction
Gold nanoparticles (AuNPs) are the tiny particles of gold with a diameter of 1-100 nm. It possesses distinct physicochemical properties such as high electron density, dielectric properties, and good biocompatibility, gaining interest in technological applications such as sensors [1, 2] , electronic devices [3] , bioimaging [4, 5] , and catalysis [6, 7] . It is well known that the size and shape of AuNPs play a vital role in their performance and application, giving those remarkable electrical and optical properties and meeting the application of practical technology. Thus, it is meaningful to study the controllable synthesis system of AuNPs.
Various chemical and physical synthesis methods successfully produce pure and well-defined nanoparticles [8] . For example, Kariuki et al. [9] using pyromellitic dianhydride-p-phenylene diamine -PPDDs to synthesize multibranched, monodispersed gold nanoflowers at room temperature, which exhibited different degrees of anisotropy and protuberance lengths after changing the ratio of PPDDs and HAuCl4·3H2O. In additions, Biological synthetic routes are the hotspots in the field of synthesizing AuNPs because of many merits including non-toxic, eco-friendly, and time-saving, receiving increasing attention [10] . Several microorganisms such as fungus, algae, bacteria, yeasts, actinomycetes, and plants and their biological extract have been investigated [11] . Faramarzi et al. [12] successfully synthesized AuNPs in the range of 71-266 nm by the purified laccase from Paraconiothyrium variabile.
Besides, previous study of our team [13] reported on preparation of AuNPs by using intracellular protein extracts (IPE) of a white rot fungal strain Pycnoporus sanguineus, which could produce large quantities of reductases such as laccases that can be handled easily during biosynthesis. The biosynthesized products did well in the degradation of 4-nitroaniline but existed large developmental space on shape and size control. Although biological approach still has immeasurable prospect, the knowledge of formation mechanisms and the controllability of the nanoparticles is still scarce.
In recent years, many studies were proposed to use inactive cell biomass, proteins/enzymes, chitosan or other biological extracts followed by the control of related critical parameters to synthesize shape-controlled AuNPs [10] . Shen et al. [14] used three microbial cell-free extracts to compare the characteristics of AuNPs and demonstrated that cell-free extracts of fungi formed more uniform and monodisperse size of AuNPs with average sizes at 9.5 nm. Italiano et al. [15] reported that the biosynthesized AuNPs were spherical in shape with an average size of 10 ± 3 nm by using the metabolically quiescent biomass of photosynthetic bacterium Rhodobacter sphaeroides. Interestingly, Xie et al. [16] separated the Chlorella vulgaris extract into 8 fractions to obtain AuNPs, showing that the protein with a molecular weight of 28 kDa produced gold nanoplates with distinctive triangular and hexagonal shapes in high yields (approximately 90 %). The studies mentioned above provide clues to enhance the applicability of P. sanguineus in AuNPs synthesis and increase proportion of monodisperse AuNPs through separating IPE to different fraction, facilitating the efficient use in the future. But it is rarely reported.
Herein, we proposed a novel method to obtain outstanding AuNPs products with higher yield and monodisperse size by specific fraction of IPE. The underlying mechanism of the synthesis of nanoparticles by the specific fraction of IPE was studied through FTIR, XPS and Amino acid analysis.
Results and Discussion

Comparison of AuNPs' formation by different fractions of IPE
The presence of proteins in IPE was confirmed by SDS-PAGE analysis (Supporting Information File 1, Figure S1 , lane 1). It shows that three protein bands with molecule weight of 10-30, 30-50 and 50-100 kDa were intense and other were fainter. Also, the obtained five fractions of IPE (P1-P5) by ultrafiltration approach were confirmed by SDS-PAGE analysis (Supporting Information File 1, Figure S1 , lane 2-6). It appears that bands 3-5 were intense and lane 2 and lane 6 were not obvious because of low protein content.
The ability of IPE and five different fractions of IPE for AuNPs synthesis were investigated by UV-vis absorption intensity and gold recovery rate ( Figure 1 ). When reacting with HAuCl4, the color of the mixture was changed from yellow to purple and different fractions showed different color shades after 24 h reaction. UV-vis spectrum pattern from all the six biomaterials were similar ( Figure 1A ). The UV-vis spectrum showed a peak around 520-550 nm, indicating the formation of AuNPs because of the surface plasmon resonance (SPR) of AuNPs [17] . A sharp SPR was observed for IPE and the others were weak to some extent. It could be said that IPE separating weakened the ability of reducing AuCl4
-. Absorption peak of the UV-vis spectrum obtained from P2 was also high compared with their counterparts, which confirmed the higher productivity of AuNPs. In additions, the AuNPs prepared by P2 was found to be blue shifted, in comparison with that prepared by IPE. Rogers et al. [18] reported a strong correlation between the particle size and the maximum absorption peak and they found that as the particle size increased, the maximum absorption were found to be red shifted. The similar regulations appeared in recovery analysis. 
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The studies have confirmed that the physiochemical properties of the composites are influenced greatly by the nanostructure and size of nanoparticles, the monodisperse nanoparticles can absorb more interest in technological application in genetic, targeting, optical, medical and electronic fields and so on [3, 19] .
Moreover, P1, P3 to P5 appeared to lack sufficient ability to synthesize more uniform and monodisperse size of AuNPs. The particle sizes produced by P1 varied from 7 nm to 185 nm and the yield of small size (<30 nm) was 58.1%. Besides, the particle shapes were concentrated on spherical (73%), and the rod-like AuNPs also accounted for a certain proportion (5%) (Supporting Information File 1, Figure S2 ). Figure 2F showed that P3 only produced AuNPs whose sizes smaller than 42 nm but the gold recovery of P3 was low. When it came to P4 (Supporting Information File 1, Figure S3 ), it is noteworthy that the sizes distribution of AuNPs was narrow (85.4%, AuNPs is range 10-20 nm), but slight agglomeration behavior appeared because of synthesizing more than 90% irregularly shaped particles and smaller sizes which resulted in larger surface area [20] . Furthermore, the particle sizes produced by P5
ranged from 5 to 91 nm and AuNPs were various in shape (Supporting Information File 1, Figure S4 ). TEM characterizations and the recovery of AuNPs showed that fraction P2 had superiority on size, morphology control and synthesizing in high yield (>90%). Thus, P2 was the optimum fraction of IPE. 
Optimization of AuNPs synthesis by P2
P2 dosage, gold ion concentration and pH were involved in the study of optimum reaction conditions on the P2 fraction. As shown in Figure 3A and 3B, the absorption steadily raised in intensity as volume of P2 dosage increased with the rise of recovery from 70.98 to 94.64%. The increase in P2 dosage represented more reductive substances, which led to the enhancement of absorption peak and reduction rates. Figure 3C and 3D give information about the effect of HAuCl4 concentration on gold recovery. The UV absorption intensity was highest when the concentration of HAuCl4 was 0.5 mM. The other reaction systems obtained lower absorption peak because of its lower concentration of HAuCl4 with fewer products or higher substrate concentration with insufficient reductants [21] . From the perspective of recovery rate, although the recovery of 0.5 M was lower than that of 0.1 M and 0.3 M, it was higher than both in terms of substrate concentration and yield. Under the system above, 0.5 M of HAuCl4 was the best choice and it would be no waste due to the insufficient effective content of P2.
The synthesis of AuNPs at various pH were also studied. With the increase of pH, the absorption peak and gold recovery enhanced first and then decreased ( Figure 3E and 3F). It is clearly indicated that the best formation of AuNPs was at pH 4 with the recovery of 93.49% and it was the same as the IPE reaction environment [13] . The adsorbing and reducing progress in the reaction of HAuCl4 and P2 were simultaneous [16] . When pH was low, HAuCl4 existed mainly in the form of AuCl4 -, it would be capped (electrostatic interaction) and reduced by −NH3 + due to the protonation of −NH2 groups. However, at pH 2, the competition between the counter anions (chloride ions) of the acid and AuCl4 -strongly reduced the capability of capping and reducing [22] . Besides, the extreme pH not only effected the recovery of gold, but also led to the AuNPs growing in the unstable environment, leading to the agglomeration of the metal with dendrite/fractal structures (Supporting Information File 1, Figure S5 ) [23] . Along with the increase of pH value, electrostatic repulsion occurred between the protein amino acid functional groups such as carboxyl, hydroxyl functional groups with negative charge and AuCl4 -. Hence, the recovery of gold from P2 declined and the intensity of absorption weakened. Thus, a crucial role played by pH in controling the shape and recovery of AuNPs synthesis was evident from the results above. Similar results could be found on the reports by Das et al.
[21], Choudhary et al. [24] and Zhu et al. [22] . 
and (222) facets of the face centered cubic crystal structure, respectively. No spurious diffractions due to crystallographic impurities were found. In addition, the intensity of the (111) diffraction is much stronger than the other planes so that the (111) plane was the predominant orientation [26] . According to Scheller's formula (1), the average size of AuNPs under optimized conditions was 16.76 nm, which was consistent with the AuNPs size distribution above ( Figure 4B ).
D=0.89λ/(βcosφ)
where D is the crystal diameter perpendicular to the crystal plane, λ is the emission wavelength of the copper target, the value is 0.15418 nm, β is the half-peak width of the diffraction peak, φ is the diffraction angle.
Fourier transform infrared spectroscopy (FTIR) was carried out to identify functional groups of the formation of AuNPs ( Figure 5B ). Before reaction, it is noticed that FTIR showed peaks at 1635 and 1403 cm -1 with protein characteristics, assigned to the amide I and II bands of proteins respectively [27] . The FTIR spectra changed greatly after reacting with HAuCl4. Amide I band moved from 1635 cm -1 to 1628 cm -1 because of the in-plane deformed vibration by -NH2. The peak at 1455 cm -1 disappeared whereas the peak of 1531 cm -1 appeared which represented stretching vibration of N-H from secondary amide II. It is demonstrated that the peak at 1408 cm -1 representing -COOH symmetrically stretching modes of amino acid carboxyl groups became stronger and the strong peak of secondary amide III band at 3175 cm -1 appeared [28] . It is well known that free amine groups or cysteine residues in the proteins had strong capability to reduce and stabilize AuNPs [29] . The results clearly indicated that carbonyl, hydroxyl, amine, and carboxyl of proteins could participate in the reduction and subsequent stabilization of AuNPs, which were consistent with previous reports [28, 30] . The speciation of Au in the reducing process were further studied through XPS.
Panels A, B, C and D of Figure 6 showed the Au4f, C1s, N1s, O1s core level spectra of eV, 286.5 eV and 288.9 eV corresponded to C-C bond, C-N bond, and the carbonyl bond respectively and the peak at 285.4 eV was caused by an indefinite carbon atom ( Figure 6B) . Besides, the N1s core level spectrum owned three chemically distinct components, centered at the BE values of 399.6 eV, 398.3 eV and 398.9 eV ( Figure   6C ), which could be assigned to amide (399.6 eV) and amine groups (398.3 eV and 398.9 eV) of P2-AuNPs [23] . Figure 6D depicted three chemically distinct component of the O1S core level spectrum, which referred to Carboxylic acid and amides (N-C=O, C-OH and O=C-O) [31] . All in all, the results above could be used as indirect evidences to infer the presence of proteins on the gold surface, and FTIR and XPS revealed that carbonyl, hydroxyl, amine, and carboxyl might be the major functional groups involved in the recovery and stabilization processes. 
Amino acid analysis
The reduction and growth of metal nanoparticles were related to the type and proportion of amino acids in peptide chains. So amino acids of IPE and 10-30 kDa were analyzed to compare the difference at amino acid level. Glutamic acid (22.6%) and lysine (41.53%) were the main amino acids of IPE and 10-30 kDa fraction, respectively. In addition to IPE containing 10.26% lysine, the proportion of other amino acids was less than 10% ( Figure 7) . A significant test for ratio of the same amino acid between IPE and 10-30 kDa (Supporting Information File 1, As the largest proportion of the amino acids, lysine attracted the negative form of
AuCl4
-by electrostatic action with positive charge in aqueous solution. At the same time, it acted as a reducing agent to provide ð electrons, quickly driving reduction to Au nuclei, whereas glutamic acid with negative charge in IPE was not conducive to the attraction of AuCl4 -. Tan et al. [32] demonstrated that the decrease in the size of AuNPs was accompanied by the increase of reduction rate. Generally, the morphosynthesis of AuNPs was a kinetic control process, and a slow growth environment was beneficial to the selective adsorption on gold nuclei and the development of anisotropy by the capping molecules [33] . Phenyl groups and amino and hydroxyl substituents contained many mobile ð electrons, electron transfer occurred readily as the oxidized form might be energetically favored [34] .
Unfortunately, IPE and 10-30 kDa fraction only contained 1.12% and 0.55% of tryptophan, respectively, which showed high affinity and reducibility for AuNPs, IPE 10-30kDa contributing to the fast growth of AuNPs. Tyrosine was the second most effective amino acid at producing AuNPs, which rank NO.5 (7.1%) in 10-30 kDa, whereas IPE contained only 5.11%. Therefore, comparing with IPE, 10-30 kDa was more likely to attract AuCl4
-and had larger proportion of amino acids with higher reducibility, it was easier to generate smaller nanoparticles.
Proteins and peptides added to AuNPs synthesis solution mediate AuNPs growth via direct binding to the metallic surface [35] . Imidazole, hydroxyl, amide, and carboxylic acid were well binders of metal ions [36] . Shao et al. [37] and Xie et al. [16] found that aspartic acid with carboxyl were attributed to specific binding of (111) Au crystal face, benefitting the growth of (100) set and anisotropic growth of Au nanoscales.
Glutamic acid with carboxyl cover 22.6% in IPE, other large ratio of amino acids (9.14% leucine, 8.37% alanine, and 8.12% glycine) did not contribute to the binding of nanoparticles. Besides, cysteine was an excellent gold binder, possessing a sulfhydryl (SH) functional group that can assist to modify metal surfaces [38, 39] .
Balasubramanian et al. [40] analyzed the gold nanoscales by energy dispersive X-ray analysis (EDAX), finding that sulfur existed in the tail of the nanoscale rather than in its middle. It indicates that sulfur in amino acids were shape director. IPE contained 
Experimental
Materials and reagents
Chloroauric acid (HAuCl4·3H2O), dextrose, KH2PO4, MgSO4·7H2O and other chemicals were purchased from Aladdin, Shanghai, China. Chloroauric acid was dissolved in ultrapure water to prepare stock solution for further use. Ultrafiltration tube (Amicon Ultra-15, Millipore) was obtained from Millipore Inc. pH were adjusted using NaOH or HCl and all reagents were of analytical grade.
Instruments and analytical methods
The remaining gold ion concentration was determined by flame atomic absorption spectroscopy (FAAS) (Shimadzu, A680, Japan) and the absorbance was measured by UV-vis spectrophotometer (Shimadzu, UV-2450, Japan). The quantitation of total protein from P2 was tested using Pierce™ Rapid Gold BCA Protein Assay Kit (Thermo Fisher Scientific, China). The elemental analysis of nanoparticles was examined under vacuum combined with X-ray diffractograms (XRD) using Bruker D8 ADVANCE (Germany) (λ= 0.154 nm). Transmission electron microscope (TEM)
images were obtained with JEM-2100 TEM (JEOL, Tokyo, Japan). The data of
Fourier transform infrared (FT-IR) spectra (4000-500 cm -1 ) were collected by Thermo Scientific Nicolet iS10 (Thermo, America) with KBr pellets (Nicolet, America). X-ray photoelectron spectroscopy (XPS) was obtained on a JEOL JAMP-9500F instrument (JEOL, Japan).
Preparation of different fractions of IPE
The fungal strain P. sanguineus (CGMCC 5.00815) was grown in the 250 ml potato medium containing dextrose, KH2PO4, MgSO4·7H2O and vitamin at 165 rpm, pH 6
and 30 ℃ for 72 h. Then, the culture was subjected to centrifuge at 10,000 rpm and 4
℃ for 20 min. The collected biomass was washed five times with ultrapure water and was resuspended in 24 ml sterile ultrapure water. The resuspended biomass was sonicated by ultrasonic cell disruptor (VCX150, SONICS, America) for 10 min at 60%
amplitude to prepare IPE [13] . The cell debris was removed by centrifugation, and the supernatant was diluted to 24 ml again (denoted as IPE).
IPE was ultrafiltrated (ultrafiltration tube, Amicon Ultra-15, Millipore) to obtain proteins, which owned filter device to gain corresponding interception of proteins by centrifugal force (5000 rpm, 15 min and 4 ℃). After centrifugation, the liquid below the ultrafiltration tube was put into another filter device which could intercept smaller protein, so the quality interval products of IPE could be obtained. Briefly, IPE could be separated into five fractions: the molecular-weight (MW) of <10 kDa (P1), 10-30 kDa (P2), 30-50 kDa (P3), 50-100 kDa (P4) and >100 kDa (P5). IPE and five fractions were then determined by SDS-PAGE analysis.
Biosynthesis of AuNPs
In order to identify the effect of AuNPs, the above mentioned five fractions of P1-P5
and IPE were mixed with HAuCl4 solution separately and the mixture was reacted at 
Characterization of AuNPs synthesized by P2 at optimum condition
AuNPs were collected by centrifuging at 11,000 rpm for 10 min, purified by ultrapure water repeatedly for three times and then freeze-dried. The crystalline properties of AuNPs were confirmed by XRD. The chemical properties of 10-30 kDa fraction, the surface and synthesis mechanism of AuNPs were analyzed by FT-IR and XPS.
Amino acid analysis of IPE and 10-30 kDa fraction
The level of amino acids were analyzed by membraPure Amino acid analyzer (A300, The chromatographic column is membraPure T259 sodium ion-exchange column.
Typical chromatogram of amino acids standard solution are shown in Supporting Information File 1, Figure S7 and S8.
Statistical analysis
The data were analyzed using the mean and standard deviation was calculated and expressed as error bars. Further statistical analysis was performed using SPSS 17.0.0 (SPSS Inc., 2008) and the independent sample t-test was performed to examine the statistical difference of the gold recovery capacities between IPE and five fractions of IPE, and the level of amino acids between IPE and P2. 
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